Plants produce an array of specialized metabolites, including chemicals that are important as medicines, flavors, fragrances, pigments and insecticides. The vast majority of this metabolic diversity is untapped. Here we take a systematic approach toward dissecting genetic components of plant specialized metabolism. Focusing on the terpenes, the largest class of plant natural products, we investigate the basis of terpene diversity through analysis of multiple sequenced plant genomes. The primary drivers of terpene diversification are terpenoid synthase (TS) "signature" enzymes (which generate scaffold diversity), and cytochromes P450 (CYPs), which modify and further diversify these scaffolds, so paving the way for further downstream modifications. Our systematic search of sequenced plant genomes for all TS and CYP genes reveals that distinct TS/CYP gene pairs are found together far more commonly than would be expected by chance, and that certain TS/CYP pairings predominate, providing signals for key events that are likely to have shaped terpene diversity. We recover TS/CYP gene pairs for previously characterized terpene metabolic gene clusters and demonstrate new functional pairing of TSs and CYPs within previously uncharacterized clusters. Unexpectedly, we find evidence for different mechanisms of pathway assembly in eudicots and monocots; in the former, microsyntenic blocks of TS/CYP gene pairs duplicate and provide templates for the evolution of new pathways, whereas in the latter, new pathways arise by mixing and matching of individual TS and CYP genes through dynamic genome rearrangements. This is, to our knowledge, the first documented observation of the unique pattern of TS and CYP assembly in eudicots and monocots.
Plants produce an array of specialized metabolites, including chemicals that are important as medicines, flavors, fragrances, pigments and insecticides. The vast majority of this metabolic diversity is untapped. Here we take a systematic approach toward dissecting genetic components of plant specialized metabolism. Focusing on the terpenes, the largest class of plant natural products, we investigate the basis of terpene diversity through analysis of multiple sequenced plant genomes. The primary drivers of terpene diversification are terpenoid synthase (TS) "signature" enzymes (which generate scaffold diversity), and cytochromes P450 (CYPs), which modify and further diversify these scaffolds, so paving the way for further downstream modifications. Our systematic search of sequenced plant genomes for all TS and CYP genes reveals that distinct TS/CYP gene pairs are found together far more commonly than would be expected by chance, and that certain TS/CYP pairings predominate, providing signals for key events that are likely to have shaped terpene diversity. We recover TS/CYP gene pairs for previously characterized terpene metabolic gene clusters and demonstrate new functional pairing of TSs and CYPs within previously uncharacterized clusters. Unexpectedly, we find evidence for different mechanisms of pathway assembly in eudicots and monocots; in the former, microsyntenic blocks of TS/CYP gene pairs duplicate and provide templates for the evolution of new pathways, whereas in the latter, new pathways arise by mixing and matching of individual TS and CYP genes through dynamic genome rearrangements. This is, to our knowledge, the first documented observation of the unique pattern of TS and CYP assembly in eudicots and monocots.
terpenes | terpenoid synthases | cytochrome P450 | metabolic gene clusters | genome evolution P lants produce a rich and diverse array of specialized metabolites (1, 2) . These compounds have important ecological functions, providing protection against pests, diseases, UV-B damage and other environmental stresses, and serve as attractants for pollinators and seed dispersal agents. They are exploited by humans as pharmaceutics, agrochemicals, and in a wide variety of other industrial applications. Metabolic diversification in higher plants is likely to have been driven by the need to adapt and survive in different ecological niches (3, 4) . Although a considerable proportion of the genes in higher plant genomes are predicted to encode enzymes with roles in metabolism (∼20% in Arabidopsis thaliana; ref. 5) , most of these are as yet uncharacterized. The availability of a growing number of sequenced plant genomes now makes it possible to exploit knowledge extracted from multiple diverse species to take a more holistic approach toward understanding mechanisms of metabolic diversification in plants (1, 2) .
The terpenes are the largest class of plant-derived natural products, with over 40,000 structures reported to date (6) (7) (8) . As such they provide an excellent entrée for investigation of mechanisms of metabolic diversification. Terpenes range from simple flavor and fragrance compounds such as limonene and cymene to complex triterpenes, and have numerous potential applications across the food and beverage, pharmaceutical, cosmetic and agriculture industries. They include taxol (one of the most widely prescribed anticancer drugs) and artemisinin (the most potent antimalarial compound). This major class of compounds represents tremendous chemical diversity of which only a relatively small fraction has so far been accessed and used by industry (9) . This is because the biosynthetic pathways for the vast majority of these compounds are unknown due to the challenges associated with mining large and complex genomes and establishing the function of genes implicated in specialized metabolism. Many of these genes are divergent members of multigene families, making the delineation of new metabolic pathways extremely difficult (10) (11) (12) (13) .
The primary drivers of terpene diversification are the terpenoid synthase (TS) "signature" enzymes (which generate scaffold diversity), and the cytochrome P450-dependent monooxygenases (CYPs), which modify and further diversify these scaffolds, also paving the way for subsequent downstream modifications (10) (11) (12) (13) (14) (15) . TSs are defined as the related superfamily of biosynthetic enzymes involved in construction of the basic backbone structure of terpene natural products (16) . As such, this includes the transisoprenyl diphosphate synthases and squalene synthases (SSs) that form the basic linear chains, as well as terpene synthases (TPSs) and triterpene cyclases (TTCs) that cyclize and rearrange these (16) . Our knowledge of how the genes for terpene biosynthetic pathways are organized in plant genomes is limited, because the genomes of plants that produce some of the best characterized terpenoids (e.g., artemisinin and taxol) have not
Significance
The terpenes are the largest class of plant natural products. This major class of compounds represents tremendous chemical diversity of which only a relatively small fraction has so far been accessed and used by industry. The primary drivers of terpene diversification are terpenoid synthases and cytochromes P450, which synthesize and modify terpene scaffolds. Here, focusing on these two gene families, we investigate terpene synthesis and evolution across 17 sequenced plant genomes. Our analyses shed light on the roots of terpene biosynthesis and diversification in plants. They also reveal that different genomic mechanisms of pathway assembly predominate in eudicots and monocots.
yet been sequenced. However, in a number of cases the genes for terpene biosynthetic pathways have been shown to be organized as metabolic gene clusters (14, 17) . These include two diterpene clusters from Oryza sativa (rice) [the momilactone and phytocassane clusters (18, 19)], three triterpene clusters [the thalianol and marneral clusters from A. thaliana (20, 21), the avenacin cluster from Avena strigosa (oat) (22, 23)], and clusters for steroidal glycoalkaloids and other terpenes in the Solanaceae (24, 25). Potential new clusters implicated in terpene synthesis have also been reported in A. thaliana (20, 26-28) and cucumber (29). The available evidence indicates that the characterized clusters have arisen within recent evolutionary history by gene duplication, acquisition of new function and genome reorganization, and that they are not products of horizontal gene transfer from microbes (reviewed in refs. 14, 17, and 30). Clustering has also been shown for other classes of plant natural products and is likely to facilitate coinheritance of beneficial gene combinations and also regulation at the level of chromatin (14, 17, (30) (31) (32) .
TSs and CYPs are the core components of terpene biosynthetic pathways and together are responsible for the generation of a vast array of diverse terpene structures (10-13, 15, 33 ). Here we have selected these two enzyme superfamilies as markers to investigate the foundations of terpene synthesis and evolution across 17 sequenced plant genomes. Our analyses shed light on the roots of terpene biosynthesis and diversification in plants. They also reveal that different genomic mechanisms of pathway assembly predominate in eudicots and monocots.
Results
Mining the Terpenome of Sequenced Plant Genomes. During the course of this project, assembled genome sequences were available for nine eudicot species (A. thaliana, Brassica rapa, Glycine max, Lotus japonicus, Medicago truncatula, Populus trichocarpa, Solanum lycopersicum, Solanum tuberosum, and Vitis vinifera) (5, 34-41) and four monocot species (Brachypodium distachyon, O. sativa, Sorghum bicolor, and Zea mays) (42-45). In addition, three dicot genomes (Cucumis sativus, Mimulus guttatus, and Ricinus communis) and the monocot Setaria italica genome were available as scaffolds (29, (46) (47) (48) . Detailed genomic and functional annotations were available for A. thaliana, M. truncatula, O. sativa, P. trichocarpa, and S. bicolor. To investigate the occurrence and distribution of genes for terpene biosynthesis, all TS and CYP genes were identified based on functional annotation (mostly automated, in the case of the newer genomes) and the physical distance between genes computed using gene coordinates. Where suitable annotation was not available (as for B. distachyon, B. rapa, C. sativus, G. max, L. japonicus, M. guttatus, R. communis, S. italica, S. lycopersicum, S. tuberosum, V. vinifera, and Z. mays), we used a stand-alone BLAST database built from genomic sequences, the tBLASTn search engine, and 1,000 plant protein sequences for each of the TS and CYP protein superfamilies (obtained from the UniProt database) (Materials and Methods). The protein sequences were used to search the nucleotide database (e = 0.001), the BLAST output file was parsed, and all necessary information was extracted where the score parameter was ≥100. The output contained the coordinates of alignment of each protein sequence mapped to corresponding exons of predicted genes in each genome. Overlapping coordinates were joined to give possible exons. The predicted TS and CYP gene coordinates were then calculated for each genome. Although less sophisticated, this procedure is similar to conventional gene annotation using known amino acid sequences corresponding to homologous genes. We then searched for TS/CYP gene pairs located within 30-, 50-, 100-, 150-, and 200-kb regions in each genome. Table 1 summarizes the results for all genomes investigated. We considered two genes to be associated if the distance between them was ≤50 kb. Increasing the window from 30 kb to 50 kb either had no effect or resulted in only a small increase in the number of TS/CYP gene pairs detected (Table 1) . With distances of >50 kb, more TS/CYP gene pairs were detected but intervening genes with no obvious predicted functions in terpene biosynthesis were also included. Although stringent, a 50-kb Numbers of TS/CYP gene pairs located at different distances from each other are shown. TS, terpene synthase; CYP, cytochrome P450-dependent monooxygenase. Random numbers are presented as the average of 200 computer simulations for each genome. Genomes which were available only in scaffolds are marked by asterisks. Genome size numbers were taken from the Plant Genome Database or from the Phytozome (tomato) resources (www.plantgdb.org and www.phytozome.net, respectively). P values were obtained by comparing the observed versus expected values for each species across all five intervals using χ 2 tests.
window was therefore considered optimal for our purposes.
Comparison of the observed frequencies of TS/CYP gene pairs with those expected by chance at the whole genome level indicated nonrandom association of TS and CYP genes for most of the genomes under investigation (P = 0.007 for S. italica and P < 0.001 for all other species except C. sativus, L. japonicus, and V. vinifera: P = 0.53, 0.73 and 0.28, respectively) ( Table 1) . The accuracy and completeness of these predictions will, of course, depend on the quality of the assembled genome sequence in question.
As sequence quality improves it is likely that more TS/CYP gene pairs will be found, including in C. sativus, L. japonicus, and V. vinifera. Additionally, as might be expected, the numbers of TS/CYP gene pairs decreased with increasing genome size (correlation coefficient, r = −0.63).
Analysis of TS/CYP Gene Pairs. We next carried out a systematic investigation of the sequence similarity of all 120 TS/CYP pairs (≤50 kb; Table 1 ) to establish whether these were likely to have arisen independently or to share a common origin. We obtained the coding/mRNA sequences for the TS/CYP genes from the NCBI or Phytozome resources according to the gene IDs in SI Appendix, Table S1 . The TS genes were classified into the terpene synthase (TPS) family, and into more specific subfamilies as defined (10) , or as triterpene cyclases (TTCs), or squalene synthases (SSs). The CYP genes were classified first into clans and then into their constituent families and subfamilies following established convention (49, 50). The complete list of gene pairs can be found in SI Appendix, Table S1 . Importantly, we recovered TS/CYP gene pairs for the four previously characterized terpene metabolic gene clusters from A. thaliana and rice (18-21) and also for other previously reported candidate clusters. We also identified previously unknown candidate terpene clusters (SI Appendix, Tables S1 and S2). A summary of all TS/CYP combinations found is presented in Fig. 1 . Representation of genes for the different CYP families in TS/CYP gene pairs differed from that expected by chance. This difference was evident from comparison of the frequency with which these CYP family genes occurred within the TS/CYP gene pairs reported here with the combined full genome complements of assigned CYP genes available for a total of 13 sequenced eudicot and monocot genomes (from the Cytochrome P450 website; ref. 50) (SI Appendix, Table S3 ). TPS genes were predominantly found in combination with CYP71 clan genes belonging to the CYP71 family in both eudicots and monocots (Fig. 1) . However, pairings of TPS genes with members of other CYP families belonging to the CYP71 clan, and with members of other CYP clans were also observed. In eudicots, the TTC genes were found predominantly in pairings with the CYP705 family (CYP71 clan) and CYP716 family (CYP85 clan) genes. Single examples of TTC genes in association with CYP71 clan genes (one each for the CYP71 and CYP99 families) were detected in monocots, along with examples of pairings of TPS and TTC genes with CYP51H genes.
Among the TPS/CYP pairings, there are a significant number of pairs containing TPS-a and CYP71 family members. To verify the functional nature of these pairs, we investigated the pairs found in castor bean (Ricinus communis). Previous work has demonstrated that three of these TPS-a subfamily members are diterpene synthases that react with the general diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate (GGPP), with two producing casbene and the third neo-cembrene (51). Here we found that these are part of a larger gene cluster that also contains another TPS (from the TPS-g subfamily), along with eight CYPs (two from the CYP80C and six from the CYP726A subfamilies; note that the CYP726A subfamily actually falls within the CYP71D subfamily, with the different nomenclature a historical relic), as well as two short-chain alcohol dehydrogenases and an acyl-transferase, suggesting complex biosynthetic functional and evolutionary history (SI Appendix, Table S2 ). Functional analysis was carried out using a modular metabolic engineering approach, as enabled by the use of CYP genes codon-optimized for expression in E. coli (52). Notably, via this approach it was found that CYP726A17 will hydroxylate the casbene product of the paired TPS-a subfamily member (SI Appendix, Fig. S1A ). Moreover, the closely related CYP726A14 also found in this larger cluster carries out not only the same Fig. 1 . Summary of TS/CYP combinations found in sequenced eudicot and monocot genomes. The TS genes are classified as either the terpene synthase (TPS) family and, hence, more specific subfamilies as defined (10), or as triterpene cyclase (TTC) or squalene synthase (SS). The CYP genes are classified into clans and then their constituent families (49, 50). The most abundant pairings are highlighted in red. In eudicots TPS genes were found predominantly in combination with CYP71 clan genes, and within this clan most notably with members of the CYP71 family. In monocots, TPS genes were also found predominantly in association with CYP71 clan genes, primarily from the CYP71 and CYP99 families. TTC genes were found predominantly in pairings with CYP71 clan (CYP705 family) and CYP85 clan (CYP716 family) genes in eudicots. In monocots only three TTC/CYP gene pairs were found. Full sequences can be found in Datasets S3 and S4.
hydroxylation, but further reactions as well (SI Appendix, Fig. S1 B-F). NMR analysis of the CYP726A14 products demonstrated that these corresponded to 5-hydroxy-casbene, which was subsequently oxidized to 5-keto-casbene, with further hydroxylation of this to 5-keto-6-hydroxy-casbene ( Fig. 2 and SI Appendix, Fig. S1G and Tables S4-6). Notably, the production of 5-keto-6-hydroxy-casbene is consistent with the presence of matching oxy groups in a previously isolated castor bean diterpenoid (53). Production of 5-keto-casbene by these CYPs and further investigation of this terpenoid biosynthetic gene cluster also has just been reported elsewhere (54). The ability of CYP71D subfamily members to operate in diterpenoid biosynthesis is consistent with recent work demonstrating functional pairing of CYP71D51 with a diterpene TPS (albeit from the TPS-e/f subfamily) from a tomato (Solanum lycopersicum) terpenoid biosynthetic gene cluster (55). We also selected a TTC/CYP716 pair from A. thaliana and a TTC/CYP81 pair from cucumber (Cucumis sativus) (pairs 13 and 23; SI Appendix, Table S1 ) for further analysis. These pairs also lie within larger candidate terpene metabolic clusters ( Fig. 2 and SI Appendix, Table S2 ). We used a combination of genome browsing, comparative expression profiling and heterologous expression in Saccharomyces cerevisiae and Nicotiana benthamiana to further define and investigate these regions (SI Appendix, Fig. S2 ). These experiments demonstrate that coexpression of a TTC/CYP716 pair from A. thaliana results in synthesis and hydroxylation of tirucalla-7,24-dien-3β-ol, whereas a TTC/CYP81 pair from C. sativus is able to synthesize cucurbitadienol and modify it to as yet unknown products. Altogether we have confirmed functional coupling of three previously unidentified TS/CYP combinations and have partially characterized their involvement in previously unknown terpene biosynthetic clusters.
Different Mechanisms of Pathway Assembly Predominate in Eudicots
and Monocots. The predominance of particular TS/CYP pairings suggests that either these gene pairs may have evolved from a common ancestral pairing and/or that strong selection has driven the repeated assembly of such gene pairs independently through convergent evolution. To distinguish between these two possibilities, we performed pairwise alignments of all TS coding sequences and (separately) their corresponding CYP coding sequences for the most abundant TS/CYP combinations. We then carried out correlation analysis of the TS/TS and CYP/CYP identity values between different TS/CYP pairs (with the exception of pairs with pseudogene members). Fig. 3A shows data for the frequent eudicot gene pair groupings consisting of TPS/CYP71 clan (circles), TTC/CYP71 clan (triangles), TTC/ CYP85 clan (crosses), and TPS/CYP72 clan (squares). This plot demonstrates strong mutual proportional dependency of the two variables (TS/TS vs. CYP/CYP identities) (correlation coefficient, r = 0.68). TPS/CYP71 clan pairs had lower identity values than TTC/CYP85 and TPS/CYP72 clan pairs, whereas TTC/CYP71 clan (CYP705 family) pairs had highest identities among the four combinations, most likely reflecting the evolutionary age of different TS/CYP associations. This finding provides support for a scenario in which many of the eudicot TS/CYP gene pairs have arisen from a common ancestral gene pair by duplication. Thus, much of the diversity in terpene synthesis within the eudicots is likely to have been built on a foundation of these four simple building blocks. This is consistent with a previously proposed model for the evolution of the thalianol and marneral clusters in A. thaliana, in which we postulated that these two triterpene clusters could have been founded by duplication of a common ancestral TTC/CYP71 clan (CYP705 family) gene pair, followed by independent recruitment of additional gene cluster members (20). Five TPS/CYP71 clan gene pairs from A. thaliana, M. guttatus, and R. communis (for which the CYP71 families were CYP705, CYP80, CYP71, CYP81 and CYP89; highlighted SI Appendix, Table S1 ) did not follow the trend shown in Fig. 3A (Fig. 3B ). The same is true for the TTC/CYP98 (71 clan) pair from G. max (Fig. 3B ). These gene combinations may be located in close proximity by chance, or alternatively may represent gene combinations that have arisen independently. A similar analysis was applied to the identity values obtained by pairwise alignment of TS and CYP sequences from the monocots. In these genomes the majority of TS/CYP pairs also consisted of a TPS gene and a CYP71 clan gene (SI Appendix, Table S1 and Fig. 1) . Surprisingly, there was no correlation between TPS/TPS and CYP/CYP (71 clan) identity values among monocot species (Fig. 3C) . Similarly, comparisons between all eudicot and all monocot TPS/CYP71 clan gene pairs failed to reveal any correlation (Fig. 3D ). The absence of correlations between TS/CYP gene pairs in monocots suggests that either these gene pairs are present by chance and do not share functional connectivity (although this is unlikely because TS/CYP gene pairs are nonrandom in monocots, as in eudicots; Table 1 ), or that they may have arisen independently as a consequence of dynamic genome rearrangements. There is good evidence that at least some of these gene pairs are likely to form parts of functional terpene pathways because they include genes for the two characterized rice diterpene clusters (SI Appendix, Table S1 ; refs. 18 and 19). Furthermore, we previously reported that the avenacin cluster for the synthesis of antimicrobial triterpenes in diploid oat contains a TTC gene immediately adjacent to a CYP51H gene, these two genes encoding the enzymes for the first and second steps in the avenacin pathway, respectively (56). Importantly, this cluster has arisen in recent evolutionary time, since the divergence of oats from other cereals and grasses, by gene duplication, neofunctionalization and relocation (22, 23, 56). In filamentous fungi, genes for specialized metabolic pathways are commonly organized in clusters that are located close to the ends of chromosomes (57). These regions are highly dynamic and can be regarded as "evolutionary playgrounds" that favor nonallelic recombination, DNA inversion, partial deletions, translocations and other genomic rearrangements. Previously we have shown that the oat avenacin cluster, like the fungal clusters, is subtelomeric (30). In contrast, the A. thaliana thalianol and marneral clusters are not positioned near the ends of chromosomes but are located within dynamic chromosomal regions that are significantly enriched in transposable elements (TEs) (20). We therefore investigated the chromosomal locations of the identified TS/CYP gene pairs and the distribution of TEs in the vicinity of clustered and dispersed TS and CYP genes. In monocots, the TS/CYP gene pairs were found predominantly toward the ends of the chromosomes (Fig. 4A) , as for the oat avenacin cluster (30). This, coupled with the lack of correlation in sequence similarity between TS/CYP gene pairs in monocots (Fig. 3C ), is consistent with a "mix-and-match" model for terpene pathway assembly in monocots. The two rice diterpene clusters are also believed to have assembled independently of each other (58). The flanking regions of the monocot TS/CYP gene pairs were significantly enriched in TEs relative to the norm for all TS and CYP genes across the sequenced grass genomes (Fig. 4B) , suggesting that TE-mediated recombination may provide a mechanism for relocation of TS and CYP genes into proximity. The situation was different in eudicots, where the TS/CYP gene pairs did not show an overall trend toward subtelomeric localization (Fig. 4A) . Interestingly, however, there were differences within the eudicots, the Brassicaceae tending toward pericentromeric locations (SI Appendix, Fig. S3 ). Our previous analysis of the A. thaliana thalianol and marneral clusters indicated that these clusters are in TE-rich regions of the genome, based on analysis of 100-kb windows (20); in the current analysis the immediate flanking regions of the TS and CYP genes (20-50 kb) showed a small, but significant enrichment in TEs when clustered and dispersed genes were compared (Fig. 4B) . Altogether, our analyses suggest that different mechanisms of terpene pathway assembly and diversification are favored in eudicots and monocots. TS/CYP microsynteny is more likely to be preserved in eudicots, providing a foundation for evolution of new pathways derived from a common ancestral template, while mixing and matching of novel TS/CYP gene combinations appears to be the norm in monocots, at least for the grasses considered here. TE-mediated recombination may contribute to cluster formation in both cases.
Discussion
Here we have mined the sequenced genomes of diverse eudicot and monocot plant species, identified and annotated all predicted TS and CYP genes, and defined their gene coordinates. Analysis of the distribution of these genes revealed striking nonrandom association of TS/CYP gene pairs for most of the species examined (Table 1) . We recovered TS/CYP gene pairs for the four characterized terpene clusters from A. thaliana and rice and also for other previously reported candidate terpene clusters (SI Appendix, Table S1 ). We also identified several other previously unknown candidate clusters (SI Appendix, Table S2 ). Representation of CYP genes within these TS/CYP gene pairs was skewed toward particular CYP families and was not simply a reflection of the relative overall abundance of different types of CYP family genes within plant genomes ( Fig. 1 and SI Appendix, Table S3 ). TPS genes were found primarily in combination with CYP71 family genes in both eudicots and monocots, but also with genes for other CYP71 clan members (e.g., CYP99, CYP76 and CYP81) and other CYP clans. TTC genes were found predominantly with CYP71 clan (CYP705 family) and CYP85 clan (CYP716 family) genes in eudicots. In monocots fewer TTC/ CYP gene pairs were found; these included examples of pairings with genes belonging to the CYP71 and CYP99 (CYP71 clan) families and the CYP51H subfamily (CYP51 clan). These pairings resonate with those found in characterized clusters. For example, the thalianol and marneral clusters in A. thaliana both contain TTC genes in combination with CYP705 genes as their core components (20, 21); the rice diterpene clusters contain TPS genes in combination with CYP99 (momilactone synthesis) or CYP71 and CYP76 (phytocassane/oryzalide synthesis) genes, all of which belong to the CYP71 clan (18, 19), and the oat avenacin cluster contains a TTC gene in combination with a CYP51H gene (22, 23, 56). Members of the CYP71 clan have been shown to have functions in terpenoid metabolism in various plant species (59-62). This work has necessarily focused on the angiosperm plants for which high quality genome sequences are currently available. It will be interesting to establish whether functional clustering of TSs and CYPs is also observed in earlier diverging plants. For example, while the currently available genomes are highly fragmented (63), gymnosperm diterpene resin acid biosynthesis has been elucidated and it is possible that the relevant diterpene synthases will be clustered with the CYPs that act immediately following (64, 65). Although this study focuses on the potentially functional pairing of TSs and CYPs in plant genomes, it should be noted that there are also cases where such consecutively acting enzymes are not coclustered. For example, in Arabidopsis the CYP82G1 that acts on geranyl-linalool is found on chromosome 3 (66), while the geranyl-linalool pro- ducing TPS is found on chromosome 1 (67). Similarly, in rice CYP701A8 acts on diterpenes produced by TPSs located in disparate locations in the genome, with one of the relevant TPS found clustered with other CYPs (68). The CYP51 clan is one of the most ancient of the CYP clans (11, 12, 49) . These enzymes are sterol demethylases with a highly conserved function in synthesis of essential sterols in fungi, animals and plants. The CYP51H that forms part of the avenacin pathway in oat is the first CYP51 enzyme to be shown to have a function in specialized metabolism rather than in primary sterol metabolism. It belongs to a newly defined divergent group of CYP51 enzymes known as the CYP51H subfamily, which appears to be restricted to monocots and which also includes nine members of unknown function from rice (56). We have previously shown, through comprehensive analysis of the rice genome, that there are no candidate gene clusters similar to the oat avenacin cluster in rice (69), a finding that is consistent with the absence of TTC/CYP51 gene pairs in rice in the present study. Interestingly, however, one of the new candidate clusters that we identified in B. distachyon (the closest relative of oat for which a complete genome sequence is available) contained a TTC gene and several CYP51H genes clustered with other genes implicated in specialized metabolism (SI Appendix, Table S2 ). Comparison of this region with the oat avenacin gene cluster indicated that the candidate B. distachyon cluster was clearly distinct in terms of gene content and organization and it remains to be seen whether this is indeed a functional metabolic gene cluster. However, analysis of the wider genomic region revealed close relatives of four of the five characterized members of the avenacin biosynthetic gene cluster (SI Appendix, Fig. S4 and Table S7 ). This region is substantially larger than the oat gene cluster and contains many hundreds of interspersed and functionally unrelated genes, but the order of the genes in the region mirrors that of the related genes in the oat gene cluster. One interpretation is that this may reflect an early stage in the evolution of the oat avenacin cluster in a common ancestor, the gaps between the genes in oat being subsequently reduced through a process that we refer to as genome defragmentation (14) . However, it is not clear that the genes present in this region of the B. distachyon genome represent true orthologs of the avenacin biosynthetic genes in all cases, and it is possible that the relative positions of some of these genes may have arisen independently in the two lineages.
A surprising discovery was that different genomic mechanisms of assembly of terpene pathway components appear to prevail in eudicots and monocots. This is suggestive of fundamental differences in genome dynamics in these two groups of plants. Our findings show that microsynteny is conserved at the level of small blocks of genes in eudicots, but not in monocots, at least when terpene pathway components are considered. Diversification of individual enzymes can be driven by gene duplication and subsequent mutation followed by natural selection (70). Understanding how entire new pathways emerge is a rather bigger challenge. Through distilling the genetic basis of metabolic diversification from multiple plant genomes it should become possible to trace the evolutionary paths that have led to the diversification of individual enzymes and pathways, and to investigate the genomic mechanisms underpinning metabolic diversification. Such approaches will enable us to access and exploit nature's chemical toolkit by providing grist for the synthetic biology mill. Our overall strategy also has potential for wider investigations of the organization and evolution of physically clustered functional gene sets within genomes, extending beyond terpene biosynthesis.
Materials and Methods
Databases. Information about databases and the versions of genome assemblies used can be found in the additional online Methods section. Terpenoid synthase (TS), cytochrome P450-dependent monooxygenase (CYP) and transposable element (TE) protein sequences were downloaded from the Protein Knowledgebase (71) (see Datasets S1 and S2 for sequence IDs and Datasets S3 and S4 for full sequences). (A) GC-MS chromatogram of extract from culture co-expressing CYP726A17 with requisite CPR and also engineered to produce casbene (1, casbene; 2, 5-hydroxy-casbene).
(B) CYP726A14 produces multiple products with casbene. GC-MS chromatogram of extract from culture co-expressing CYP726A14 with requisite CPR and also engineered to produce casbene (1, casbene; 2, 5-hydroxy-casbene; 3, 5-keto-casbene; 4, 5-keto-6-hydroxy-casbene;
5, dioxo-casbene).
(C) Mass spectra of purified 5-hydroxy-casbene.
(D) Mass spectra of purified 5-keto-casbene.
(E) Mass spectra of purified 5-keto-6-hydroxy-casbene.
(F) Mass spectra from dioxo-casbene (peak 5). Tables 3 and 7 for further information). The oat avenacin cluster is shown at the bottom for comparison.
Supplementary Materials and Methods
Databases and genome sequences. 
Terpenoid synthase, cytochrome P450 and transposable element sequences
Terpenoid synthase (TS) and cytochrome P450 (CYP) protein sequences were downloaded from the Protein Knowledgebase (http://www.uniprot.org) using "taxonomy:71240" and "taxonomy:4447" key words for eudicots and monocots, respectively, together with "terpene synthase" and "cytochrome P450" key words (for sequence IDs, see Supplementary   Table S5 ). Transposon protein sequences (1595) were downloaded from the same database using "viridiplantae" and "transposon" key words (for sequence IDs, see Supplementary   Table S6 ). All CYPs were assigned specific names by co-author DN, who is in charge of CYP nomenclature. Briefly, CYP family membership (indicated by initial number) requires > 40% sequence identity, subfamily membership (indicated by subsequent lettering) > 55% sequence identity, and is followed by a number indicating the specific sequence. Where applicable, very closely related variants are indicated by the further appendage of "v", followed with a number corresponding to specific individual variants. Exceptions are made for known orthologs or clearly defined family or subfamily clusters on phylogenetic trees.
Finally, trailing appendage of "p" indicates CYPs that are presumably non-functional pseudogenes. Here, the CYP pseudogenes were determined by reference to the extensive database of manually annotated sequences assembled by DN rather than the sequence associated with the referenced accession code. The publicly available terpenoid synthase (TS) sequences were manually examined to determine if they were full-length, with partial sequences noted in Supplementary Table S1 . However, it should be noted that the TS genes often are composed of > 10 exons, making gene prediction particularly difficult, and it seems likely that at least some of the TS marked as partial in Table S1 will in fact prove to encode full-length functional enzymes. The publically available sequences for all the TS and CYP pairs reported here are provided in Supporting Information files S1 and S2, respectively.
Although it is expected that the production of (di)terpene precursors by members of the TPSc sub-family will require further processing by members of the TPS-e/f sub-family prior to CYP activity, the TPS-c sub-family was considered separately for the purposes of our bioinformatics searches. or equal to the parameter value, they are considered to constitute the same gene, otherwise they belong to different genes of the same TS or CYP groups. Obviously, the parameter value depends on the genome size, which requires a preliminary study. The total number of alignments joined to identify a suggested gene is assigned to the relevant structure member.
This step of the program work results in a new vector with the enormously reduced number of structure elements corresponding to suggested TS and CYP genes. The third block is designated for finding TS/CYP pairs depending on specified distance between two suggested genes. A parameter of maximal distance is used for this purpose. The function processes the previous vector in a loop and computes the number of nucleotides between the right coordinate of the previous structure element and the left coordinate of the next structure element provided that the values of the gene name variables are different and the number of alignments is greater than or equal to a parameter value of minimal number of alignments. In the case if the distance less than or equal to the maximal distance, the TS/CYP gene pair is ready for the program output. The output includes names of species, chromosome/scaffold, and a suggested gene (TS or CYP). Also, suggested gene coordinates, number of alignments mapped to a genomic region, and the distance between pair members, which is a number of nucleotides. We found that the optimal parameter values for finding TS/CYP pairs in all studied genomes were as follows: minimal distance = 2000-2500 nt (as an initial value, which should be optimized); maximal distance = 50 kb; minimal number of alignments = 5; two more parameters of minimal query coverage = 50 and minimal BLAST score = 100 were used. A similar approach was used to find TE sequences. All 1595 transposon protein sequences were searched against the database and the BLAST output file was used to generate TE co-ordinates on the whole genome scale. By using these in combination with the co-ordinates of clustered TS/CYP genes or global scale TS and CYP genes as input data, the program computed TE/kb ratios for the flanking regions of the TS and CYP genes in each genome. Medians of TE/kb values were found using R-environment. Bootstrap analysis was used to calculate corresponding standard deviations.
To compute the DNA sequence identity values of different TS/CYP gene pairs we took advantage of PERL modules (this program was written in PERL). For global pairwise alignment of DNA sequences, the ClustalW2 computer program was incorporated in our software.
Analysis of gene distribution
To simulate random distribution of gene pairs on the whole genome scale we used the random number generator built on the basis of the Mitchell-Moore algorithm (3) 
Assignment of TS families and TPS sub-families
The identified TS were assigned to more specific families by BLAST analysis of the relevant protein sequence -i.e., TTC, triterpene cyclase; SS, squalene synthase; or TPS, terpene synthase. Those falling into the TS family were assigned to more specific sub-families, as defined by Chen et al (4), using alignment both to the TPS from Arabidopsis thaliana and a more general sub-set of plant TPSs from Zerbe et al (5) .
Functional analysis A) Engineering in E. coli
Synthetic genes, completely recoded with optimized codon usage for expression in E. coli, for CYP726A13-18 and the casbene synthase from Euphorbia esula (EeCS), truncated to remove the N-terminal plastid targeting sequence (52 amino acids) as previously described 
B) Engineering in S. cerevisiae and N. benthamiana
First, we browsed the genomic region within 50 kb around the TS of TTC/CYP716A1
(AT5G36150/AT5G36140) and TTC/CYP81Q59 (Cucsa.349060/Cucsa.349040) to identify additional candidate genes of the terpene clusters. We manually screened potential terpene biosynthesis protein coding genes including CYPs, oxidoreductases and transferases of glycosyl-, acyl-, and/or methyl-groups. In A. thaliana we found two additional CYP coding gene models (AT5G36130, AT5G36110) and one serine carboxypeptidase-like 1 (SCP-L1) acyltransferase gene (AT5G36180) (Fig. 2C) . In the C. sativus genome browser three more candidate CYP genes (Cucsa.349030, Cucsa.349020, Cucsa.349080) and one candidate BAHD acyltransferase gene (Cucsa.349070) were found (Fig. 2D ).
Second, we performed an expression analysis in different plant tissues. The A.
thaliana TTC (AT5G36150 or PEN3) is mainly expressed in the roots and the C. sativus TTC (Cucsa.349060 or Csa008595) is mostly expressed in the leaves. As genes in a cluster tend to be co-regulated and therefore have similar expression profiles, the co-expression analysis was performed on the candidate cluster genes. Both qualitative and quantitative reverse transcriptase (RT)-PCR analysis was performed on flower, stem, leaf and root tissues for the candidate cluster genes, two housekeeping genes and a gene adjacent to, but not related to the cluster. For C. sativus also the fruit tissue was included. In A. thaliana as expected, the TTC and candidate CYPs are only expressed in the root tissue, whereas the candidate SCP-L1
gene, gene adjacent to the cluster and the control genes are expressed in all tissues ( Fig. 2E and S2A). Similarly, in C. sativus the expected expression pattern of TTC in leaf and fruit tissue was seen. All the candidate cluster genes are also expressed in the same tissues, except one CYP (Cucsa.349040 or Csa008596) which is not expressed in any tissue ( Fig. 2F and   S2E ). The co-expression analysis was confirmed with quantitative RT-PCR analysis ( Fig. S2B and F) . Finally, we analyzed the combination of TTC with the cloned candidate CYPs by heterologous expression in S. cerevisiae and N. benthamiana. For S. cerevisiae expression a previously described sterol-engineered yeast strain TM1 was used. All yeast strains generated in this study are listed in Supplementary Table 8 . The AT5G36150 or PEN3 was previously characterized as a multifunctional enzyme which cyclizes 2,3-oxidosqualene to tirucalla-7,24-dien-3β-ol (∼85%) and five other minor products (9) . In yeast expression of AT5G36150 resulted in very low accumulation of tirucalla-7,24-dien-3β-ol (m/z 498, Fig. S2C ). Co-expression of the candidate CYP gene AT5G36110 led to accumulation of a compound with parent mass m/z = 586 corresponding to the addition of a hydroxyl group to tirucalla-7,24-dien-3β-ol (Fig. S2C) . A similar approach was used for the C. sativus candidate genes. The TTC gene shows 87% sequence homology to the functionally characterized Cucurbita pepo cucurbitadienol synthase (10) , and has previously been implicated in the biosynthesis of cucurbitacins in C. sativus (11) . GC-MS analysis of yeast expressing of the six cyclization products ( Fig. 2F and S2D ). Co-expression of AT5G36150 and AT5G36110 resulted in the hydroxylation of tirucalla-7,24-dien-3β-ol to a single product ( Fig. 2F and S2D) . Similarly, expression of Csa008595 resulted in the accumulation of cucurbitadienol ( Fig. 2H and S2H ) and co-expression with Csa008597 resulted in the accumulation of two new peaks. The EI patterns of both these peaks were different from that observed in S. cerevisiae ( Fig. 2H and S2I ). The compounds in N. benthamiana could correspond to the oxidation of cucurbitadienol and/or native phytosterols; however this still needs to be investigated. Altogether, we could confirm the functional coupling of two TTC/CYP pairs identified by the bioinformatic tool presented here, and could subsequently (partially) characterize their involvement in two yet uncharacterized triterpenoid biosynthetic clusters.
For tissue-specific co-expression analysis stem, leaf and root tissues were harvested from 12-week old A. thaliana Col-0 and 7-week old C. sativus L. plants grown in soil.
Flowers and fruits were harvested when they were produced by the plants. RNA was isolated from 200 mg of tissue using the RNeasy Plant Kit (Qiagen). 1 µg RNA treated or not with DNase to eliminate genomic DNA, using the RQ1 RNase-Free DNase kit (Promega) was used for cDNA synthesis using SuperScript® First-Strand Synthesis System for RT-PCR (Invitrogen). The cDNA from DNase-untreated RNA was used to check the presence of the candidate genes in the genome. RT-PCR was performed with GoTaq® DNA polymerase (Promega) using primers listed in Supplementary Table 9 and 30 cycles of amplification. For the qRT-PCR analysis cDNA from DNase-treated RNA was used as template and performed using the DyNAmo ColorFlash SYBR Green qPCR Kit (Thermo Scientific) on a CFX96
Real-Time PCR detection system (Bio-Rad). The cycling conditions used were; 95°C for 7 min, followed by 45 cycles of DNA denaturation at 95°C for 10 s and primer annealing and extension at 60°C for 30 s. The qRT-PCR experiments were performed with three biological and technical replicates. Data were analyzed using the Bio-Rad CFX manager 3.1. Gene expression was normalized against AT1G13320 and AT5G60390 for A. thaliana (13) , and CACS and TIP41 for C. sativus (14) .
For heterologous gene expression, full-length coding sequences were cloned using cDNA from A. thaliana root and C. sativus leaf tissue with primers described in Supplementary (15) . For N. benthamiana transient expression, the candidate TTC and CYP genes were Gateway® recombined into the expression vector pEAQ-HT-DEST1 and Agrobacterium tumefaciens LBA4404 strain was used for leaf infiltrations as described (16) .
The S. cerevisiae strains were pre-cultured in glucose containing medium for 24 h, (Phenomenex) and operated at a constant helium flow of 1 mL/min. The injector was set to 280°C and the oven held for 1 min at 80°C after injection, ramped to 280°C at 25°C/min (at 20°C/min for chromatograms in Fig. S2C ), held at 280°C for 15 min, ramped to 320°C at 20°C/min, held at 320°C for 1 min and finally cooled to 80°C at 70°C/min at the end of the run. The MS transfer line, MS ion source and quadrupole were set to 250°C, 230°C and 150°C, respectively. Full electron ionization spectra were generated by scanning the m/z range of 60-800 with a solvent delay of 7.8 min.
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